• In studies of gas exchange between the lung and the pulmonary circulation it is generally assumed that the principal exchange takes place at the level of the pulmonary capillaries. The work presented here shows that some gaseous exchange can occur as well between the lung and vessels of macroscopic size. Hydrogen gas when administered to a subject by inhalation can be detected in the pulmonary artery wedge position within two seconds after the inhalation of hydrogen.
Methods
The technique used in this study was originally described by Clark 1 and subsequently used by others. 2 
"
7 The method consists of inserting a bare platinum electrode into the vascular system on the end of a standard catheter. The appearance of hydrogen gas at the electrode is signaled by the development of a potential between the platinum electrode and a silver electrode placed on the subject's skin. The response time is practically instantaneous as illustrated in figure 1.
Catheters were wedged in the pulmonary artery of 34 patients. Successful wedging of the catheter was determined by the inability to advance the catheter further, by a pressure level and contour that was consistent with the wedge, and by a good "spring" on withdrawing the catheter. In all patients a double lumen Cournand catheter size 9F was used, being introduced in small children through the saphenous vein and in larger children and adults through a medial anteeubital From the Cardiopulmonary Laboratory, Grasslands Hospital, Valhalla, New York.
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Circulation Research, Volume Xffi, July IOCS vein. The platinum electrode was at the most distal point on the catheter and surrounded the orifice of the distal lumen. In 18 patients a double electrode catheter was used. This permitted measurement of wedge appearance time simultaneous with appearance time in a larger pulmonary artery. This second electrode subtended about one-fourth the circumference of the catheter and was at a point 180 degrees away from the orifice of the proximal lumen. Both were placed 4 cm proximal to the distal electrode. The diameter of the catheter at the distal tip was 1.5 mm and at the proximal electrode and lumen, 3 mm.
Timing of the inhalation of hydrogen was achieved as follows: Hydrogen was contained in an anesthesia bag with one end connected to a pressure transducer. The other end was connected to a Forreger resuscitation valve and face mask. The mask was held lightly over the subject's nose and mouth. Triggering the resuscitation valve during the early phase of an inspiration released hydrogen gas into the nose and mouth. The drop in pressure in the anesthesia bag was recorded along with the subsequent response of the electrode to the appeai'ance of hydrogen. Respirations were observed by the operator and if the release of hydrogen occurred prematurely it was easily noted. Under such circumstances a response at the electrode was not usually obtained. This method of timing made it impossible to shorten artefactually the interval between the release of the gas and its appearance at the electrode. In all instances more than one such inhalation was performed on each patient and appearance times in the same patient always agreed within a fraction of a second. The interval between the release of hydrogen and its appearance at the electrode is presented in table 1.
In order to relate the appearance time in the pulmonary wedge position to the appearance time in the greater circulation, another electrode was introduced into 13 patients. In small children this platinum electrode was inserted through an indwelling needle in the femoral artery while in larger subjects it was inserted through a needle placed in the brachial artery. Two dog experiments were performed in essentially the same manner as those on humans with the exception that the systemic electrode was more centrally placed. In one instance it was placed at the junction of the arch with the descending aorta, and in the second it was placed within the left ventricle. The timing of the administration of the inhaled hydrogen was achieved by inserting a platinum probe on the end of a long insulated wire deep into the tracheo-bronchial tree via an endotracheal tube.
Experiments were performed on four lungs through which there was no circulation. In one instance one of the above dogs, with the electrodes in place as above, was subjected to acetyleholine induced cardiac arrest during which an inhalation of hydrogen was administered. This was repeated several times and was repeated with the electrodes still in place immediately following sacrifice of the animal. Two freshly excised human lungs and one freshly excised dog lung were drained of most of their blood by gravity and passive collapse of the lung. Electrodes were placed within the arteries or veins and a bare platinum wire was plunged through the substance of the lung. The lungs were then inflated and deflated with ambient air during the course of which a single "inhalation" of hydrogen was administered.
As Bargeron 8 has pointed out, the platinum electrode, even when used potentiometrieally, is sensitive to oxygen as well as hydrogen. To determine whether the phenomenon observed with hydrogen would occur with oxygen as well, three patients were made to take a single breath of 100% oxygen and eight patients were made to hyperventilate voluntarily for several seconds.
Results
A total of 34 patients were catheterized with successful wedging of the catheter. The catheterization diagnosis on all patients studied in addition to the various hydrogen appearance times are presented in patients with innocent murmurs had normal right heart catheterizations by standard and hydrogen techniques. They also had normal electrocardiograms, chest x-rays, including esophograms with oblique views, and were without symptoms. They are therefore considered as normals. The four patients with cor pulraonale had chronic obstructive pulmonary disease with right-sided heart failure. The patient with pulmonary disease without cor pulmonale had no hemodynamic abnormalities at rest or exercise and his pulmonarjdiagnosis was pulmonary fibrosis. There is no cardiac diagnosis on patient JN due to an unsatisfactory catheterization. Of the patients with rheumatic heart disease all but three had pure mitral stenosis of varying severity. GH had mitral stenosis and insufficiency and aortic stenosis. BK had mitral stenosis plus insufficiency. AR had aortic stenosis and insufficiency.
Despite the differences in age, sex, and cardiopulmonary disease, 30 out of 34 patients demonstrated the rapid appearance of inhaled hydrogen at the wedge position, ble electrode catheter was used and where there was a rapid appearance at the wedged electrode there was an equally or nearly equally rapid appearance at the proximal electrode. In all instances the pressure refleeted from this position by the proximal lumen was that of the pulmonary artery. In those patients with left-to-right shunts the appearance at the wedge position was more rapid than that in the main pulmonary arter\*. In those instances where a sjrstemic arterial electrode was used the rapid appearance at the wedge preceded that at the systemic artery. In none of the patients presented here nor in 22 other patients in whom hydrogen studies were done without wedging the catheter has this rapid appearance been noted in the main pulmonary arteries.
Bapid appearance of hydrogen at the wedge position seen in these 30 patients was also demonstrated in two dog experiments. In addition these experiments demonstrated that during asystole and after death there was no appearance of hydrogen in the greater circuit despite the continued rapid appearance in the wedge position, figure 3. In the excised lungs, appearance time in the arteries or veins was practically synchronous with the appearance at the bare platinum wire which had been plunged into the lung, figure 4. Since the wire traversed alveoli and smaller air passages it served to signal the introduction of hydrogen into the lung. In three patients made to take a single breath of 100% oxygen, figure 5 , and in eight patients made to hyperventilate voluntarily, figure 6 , the increment in alveolar oxygen tension was rapidly reflected by a change in potential at the platinum electrodes in the pulmonary arterial bed.
Discussion
The present study has demonstrated that inhaled hydrogen appears in pulmonary vessels of considerable size. This phenomenon occurs equally in apparently normal patients and in patients presumably having increased collateral bronchial flow, arterial in the case of patients with pulmonary stenosis, venous in the case of patients with mitral stenosis. In addition, in 11 patients a rise in alveolar oxygen tension was rapidly reflected by the electrodes in the pulmonary arterial bed.
No explanation can be given for failure of hydrogen to appear rapidly in four cases. Although three of them were patients with pulmonary disease and cor pulmonale, the group is not large enough to draw any conclusion. The explanation is probabry found in the work of Hirose 9 and co-workers who state that in those patients in whom this phenomenon was observed it was not always observed with the first wedging of the catheter. In some instances the catheter had to be repositioned in a wedge at a different site. Only Circulation Research, Volume XIII, July 1O6S
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Curves a single attempt at wedging the catheter was made in the patients in the current study. These experiments have demonstrated that detectable quantities of hydrogen can penetrate rapidly through the walls of pulmonary arteries 1.5 mm-3.0 mm in diameter. It can readily be calculated from the known diffusion coefficients of gases through connective tissue that this finding is consistent with simple diffusion. If the diffusion coefficient through connective tissue is D, then the time required for a wave front of concentration equal to one-half per cent of the initial conCirculation Research, Volume Xlll, July 1S6S centration to pass through a distance, x, by linear diffusion is given by:
(1) Equation 1 may be derived from Fick's law of diffusion and standard tables of the probability integral. 10 The value of D for oxygen diffusing through connective tissue was found by Krogh 11 to be 1.5 X 10""* cm 2 /sec, and that for hydrogen will be approximately fourfold greater, or 6 X 10" r> cm 2 / se c. Assuming the wall thickness of the wedged artery is less than Q.05 cm, the maximum time for diffusion The experimental evidence presented here supports the theoretical conclusions noted above. However, alternate explanations for the rapid appearance at the electrode may be forthcoming. Indeed, Hirose and co-workers, observing the same phenomenon, have suggested that the rapid appearance is due to reflux of pulmonary capillary blood during atrial contraction. In their work only one electrode was used. The use of a second electrode proximally placed has demonstrated that the phenomenon is not unique to the wedge. Furthermore the forceful injection of saline through the catheter during the administration of hydrogen does not alter the rapidity of the response. It might also be Circulation Research. Volume XIII, July 1963 considered that the rapid appearance could be due to left-to-right shunting through bronchial-pulmonary arterial communications. The fact that the appearance in the wedge position precedes that in the greater circulation as well as in the pulmonary artery in subjects with left-right communications, and that the phenomenon occurs in the total absence of circulation makes such an alternate explanation impossible to accept.
That direct diffusion does occur through vessel walls was demonstrated by Davies and Brink. 12 Using a polarographic technique and micro electrodes they observed that when the electrode was "pressed against the surface arteriole of the brain of a eat, an increase in oxygen tension was observed six seconds after the cat was made to breathe pure oxygen instead of air." In our laboratory a similar phenomenon was observed using the platinum electrode potentiometrically. When the electrode is wedged into the pulmonary artery of an excised lung and the overlying lung tissue dissected away, exposure of the artery to hydrogen will produce in the underlying e.lec- DX: IM-innocent murmur, CPS-congenital pulmoiiic stenosis, CAS-congenital aortic stenosis, VSD-ventricular septal defect, ASD-atrial septal defect, ?CD-unknown congenital heart disease, RHD-inactive rheumatic heart disease, CP-chronic pulmonary disease with cor pulmonale, PD-chronic pulmonary disease without cor pulmonaie. (PA)-time to the proximal electrode obtained simultaneously with the wedge. PA-time to a main pulmonary artery obtained after withdrawal from the wedge. Syst. A-systemic artery, B-brachial artery, F-femoral artery. SA-W-appearance time at the systemic artery minus appearance time at the wedge.
*Time obtained simultaneously with the wedge. trode a response which is similar to that illustrated in figure 1 . The phenomenon presented here was observed in vessels of considerable size. It is probable that diffusion occurs through vessel walls with increasing ease as the vessels approach capillary size. Unfortunately, no assessment can be made as to the significance of this route of diffusion on total gas exchange. The work of Staub 13 has suggested that it may not be insignificant. Experimenting with cats, using a quick freezing technique, he has demonstrated a visible color change in pulmonary artery blood during ambient air ventilation in arteries below 100 ^i in diameter and below 200 / A in those animals ventilated with 100% oxygen.
Regardless of the significance of this phenomenon on total gas exchange the present work has demonstrated that vascular smooth muscle of the pulmonary arterial system may be exposed quickty to alterations in alveolar gas concentration. Direct effects of changes in alveolar gas composition on the pulmonary vasculature are therefore possible.
Summary
Thirty patients have been presented in whom the appearance of inhaled hydrogen gas at an electrode in the wedge position of a pulmonary artery was seen to occur within two seconds. In 13 of these patients the appearance of hj'drogen occurred with equal or nearly equal rapidity in a pulmonary artery at least 3 mm in diameter. In 11 patients increasing alveolar oxygen tension by the inhalation of a single breath of 100% oxygen or by voluntary hyperventilation produced a rapid response at the wedge position as well. It is concluded that the rapid appearance of hydrogen and oxygen is due to direct diffusion of the inhaled gas from the alveoli to the pulmonary arterial blood.
